Objective: to describe redistribution of cerebral blood flow in patients with severe internal carotid artery (ICA) stenoses in relation to contralateral ICA disease. Methods: sixty-six patients scheduled for carotid endarterectomy (CEA) were grouped according to severity of contralateral stenosis (<30% [group I]; 30-69% [group II]; 70-99% [group III]; occlusion [group IV]. Transcranial Doppler (TCD) and magnetic resonance angiography (MRA) investigations were performed preoperatively.
Introduction
measurement in the major cerebral arteries has become possible. 7, 9, [11] [12] [13] [14] [15] [16] [17] [18] Severe stenosis of the internal carotid artery (ICA) MRA and TCD proved to provide complementary information when applied to the study of brain leads to ischaemic events in some patients, whereas a similar stenosis may be asymptomatic for life in others. haemodynamics in patients with obstructive carotid lesions. 8, 11, 19 Both techniques have been used to meas-The explanation for this symptomatic variety is multifactorial and includes genetic, anatomic, pathological ure intracerebral flow in healthy volunteers and in patients with unilateral carotid stenosis or occlu-and environmental elements. [1] [2] [3] With respect to the impact of major vessel stenosis sion. 3, [6] [7] [8] 11, [17] [18] [19] [20] [21] [22] MRA and TCD data from patients with bilateral carotid disease are currently unavailable. The or occlusion on cerebral perfusion, a large number of collateral pathways have been described. [3] [4] [5] [6] [7] [8] Most aim of the present study was to describe patterns of cerebral blood flow redistribution using MRA and studies in this field involve qualitative and morphological measurements. Transcranial Doppler (TCD) TCD in patients with severe stenosis of the internal carotid artery (ICA) in relation to the severity of contra-and magnetic resonance angiography (MRA) provide quantitative data. TCD investigates blood flow lateral ICA disease. velocities (BFV) in the major intracranial cerebral arteries, [9] [10] [11] 23 of the internal carotid artery in this group and both MRA and TCD data were included. The remaining 59 patients were excluded because 15 patients had an angiographic stenosis of less than 70%; five patients were claustrophobic, which made an MRA impossible, and in 40 patients MRA and TCD could not be obtained prior to surgery. The mean (range) age was 65 (44-81 years). Forty-eight patients were symptomatic (18 minor stroke, 18 transient ischaemic attacks and 12 ocular) and 18 asymptomatic. Thirteen patients also Fig. 1 . The MRA slice positioned perpendicular to the CCAs in a patient with a severe stenosis of the right ICA and <30% stenosis had contralateral neurological symptoms, 10 of whom of the left ICA. The white circles indicate the manually drawn had a contralateral ICA occlusion, one a contralateral regions of interest from which volume flow data was obtained. In stenosis >70% and two a <30% contralateral stenosis. the lower left corner the orientation of the 2D PC slice is shown in a sagittal plane.
Thirty-nine patients were operated on the left side and 27 on the right side.
MRA imaging Patients were grouped according to the severity of the stenosis contralateral to the ICA scheduled for MR angiography (MRA) studies were performed on surgery: less than 30% contralateral stenosis (29 a Philips Gyroscan ACS-NT 15 whole body system patients, group I); 30-69% contralateral stenosis (10 (Philips Medical Systems, Best, The Netherlands) oppatients, group II); 70-99% contralateral stenosis (14 erating at 1.5 Tesla. Quantitative flow measurements patients, group III); contralateral occlusion (13 patients, were performed in the common carotid arteries (CCA), group IV).
in the ICAs, in the BA and in the MCAs. All subjects underwent the same MRA protocol. First, two non-triggered 2D phase contrast (PC) MR TCD sonography survey scans in coronal and sagittal orientation were performed to visualise the CCAs, the carotid bi-BFV was measured by means of a transcranial Doppler in the middle cerebral artery (MCA), anterior cerebral furcations, the ICAs, the external carotid arteries (ECAs) and the circle of Willis. In the sagittal ori-artery (ACA) A1 segment, posterior cerebral artery (PCA) P1 segment and ophthalmic artery (OA) on entation two slices were acquired: slice thickness 50 mm, −5 mm slice gap (overcontiguous slices), field-both sides and in the basilar artery (BA). Flow direction was assessed in the A1 segments of the ACA and in of-view (FOV) 250×250 mm, TR/TE (repitition time/ echo time) 14/7 ms, flip angle 20°, velocity sensitivity the OA on both sides. A DWL multidop X device (DWL Elektronische Systeme GmbH, Sipplingen, Germany) 30 cm/s and four averages. In the coronal orientation we used a single slice (thickness 60 mm) with the with a 2-Mhz pulsed Doppler probe was used. The OA was investigated with a 4-Mhz probe. MCA, ACA same variables. Thereafter, two 2D PC single slices for quantitative flow measurement were positioned. One and PCA were insonated through the temporal window, the OA through the orbit and the BA through slice was positioned perpendicular to both CCAs ( Fig.  1 ) and the other slice perpendicular to the C3 segments the foramen magnum.
If an intracranial vessel was not found, it was con-(precellar segments) of the ICAs and to the basilar artery ( Fig. 2 ) (slice thickness 5 mm, FOV sidered as a missing value, and was not included in the statistical analysis. BFV was expressed in cm/s as 250×250 mm, TR/TE 16/9 ms, flip angle 7.5°, velocity sensitivity 100 cm/s and eight averages). Quantitative the mean value of the Doppler velocity spectrum outline (representing maximal flow velocity) over 4.5 s flow measurements were performed with previously optimised scan protocols featuring a radio-frequency (Vmean). Negative values represent flow velocity in a reversed direction.
spoiled gradient echo sequence with full echo sampling. The examinations were performed by experienced clinical neurophysiology technicians under direct These measurements were followed by a 3D time of flight (TOF) MRA measurement of the circle of supervision of an experienced neurophysiologist (GHV).
Willis (50 slices, slice thickness 0.6 mm, FOV manually drawn regions of interest enclosing the vessel lumen as closely as possible. The same reader evaluated all images. Thus we obtained quantitative blood volume flow (Q-flow) in the BA, both MCAs, and in both the ICA scheduled for operation and the contralateral ICA (C-ICA). The sum of the ICA and C-ICA volume flows was expressed as total ICA volume flow (T-ICA). The sum of the T-ICA and BA volume flows was expressed as total volume flow (TOT). values are given as median with interquartile range (IQ range, 25th-75th percentiles), unless otherwise indicated. For statistical analysis we used non-parametric tests: Mann-Whitney to compare two groups and Kruskal-Wallis to compare more than two groups. For analysis of flow direction in ACA-A 1 and OA, Fisher-Exact and Test for trend were used. A p-value <0.05 was considered statistically significant.
Data analysis
The side of the ICA with a 70-99% stenosis scheduled for surgery was designated the "ipsilateral side", and the "contralateral side" referred to the side contralateral to the ICA scheduled for surgery. Table 1 shows the TCD-derived blood flow velocities in the ACA, MCA, PCA, AO and BA, respectively.
Results

TCD
In the contralateral occlusion group, group IV, the (p<0.001) was increased. On the contralateral side the median BFV was significantly decreased to a negative value in the ACA (C-ACA) and in the C-OA in the same group (p<0.005 and p<0.001, respectively). Also 100×100 mm, TR/TE 32/7 ms, flip angle 20°and two averages). On the basis of the reconstruction of the in group IV, a decreased BFV was found in the contralateral middle cerebral artery (C-MCA) (median BFV circle of Willis in three directions (Fig. 3) , two 2D PC single slices were positioned perpendicular to the left 43 cm/s) as compared with the other groups (median BFV 58 cm/s) (p=0.001, Mann-Whitney). In the C-and right MCA (slice thickness 5 mm, FOV 250×250 mm, TR/TE 17/10 ms, flip angle 8°, velocity PCA and BA a tendency towards increased BFV with increasing contralateral stenosis was found, although sensitivity 70 cm/s and 24 averages). The diameters of the anterior and posterior cerebral arteries were this did not reach statistical significance (p=0.1). Table 2 shows the proportions of patients with re-too small to perform reliable flow measurements. All volume flow data were obtained by integrating across versed flow in the ACA A 1 segment and OA. In Table 1 the cerebral blood flow (rCBF) can be maintained. A second mechanism to maintain rCBF relates to difgroup IV, the C-ACA A 1 segment and C-OA showed ferences in bilateral pressures which promotes rea reversed flow in three-quarters of cases (p<0.001, cruitment of collateral pathways. 21 Consequently, the Fisher-Exact, as compared with the other groups). net effect of a decrease in CPP due to an ICA stenosis With increasing severity of contralateral disease (group or occlusion on the CBF may be little or none. [26] [27] [28] [29] [30] [31] I through IV) the proportion of reversed ipsilateral
. Blood flow velocity measured with TCD (in cm/s with the number of observations and the IQ range).
Group
In some patients there is limited potential for col-ACA A 1 -segment flow decreased ( 2 =3.7, p=0.05 Test lateral supply, e.g. poor collateral capacity of the circle for trend) and the proportion of reversed C-ACA A 1of Willis or anatomic variations in leptomeningeal segment flow increased.
vessels. In such a situation a decrease in the CPP directly results in a decreased rCBF if autoregulation has reached its maximum capacity. Kleinschmidt et al. 12, 32 used acetazolamide-induced vasodilatory stress MRA MRI to show exhaustion of the cerebral autoregulatory reserve capacity in patients with unilateral occlusion Table 3 summarises the results of the MRA Q-flow of the internal carotid artery. Others showed the same measurements. exhaustion using TCD or acetazolamide enhanced The most important findings are an increased Qsingle photon emission computed tomography. 12,28-30,33 flow in the ipsilateral ICA and in the BA in group IV In patients with bilateral ICA lesions, there may not as compared to the other groups (p=0.01 and p<0.005, be a difference in the bilateral CPP in the anterior respectively) and a decreased T-ICA Q-flow (p<0.005) circulation. In this case, increased flow through the in group IV. Also in group IV a decreased Q-flow was basilar artery may compensate for the reduced CPP found in the C-MCA (p=0.01); in the ipsilateral MCA in the anterior circulation. no significant changes were found. No statistical sig-Because our patients had rather similar ipsilateral nificant changes in Total Q-flow were found. In group stenoses, we can examine the effect of increasing III no significant Q-flow differences were found in the ICA or BA.
contralateral stenosis. Our study shows that Q-flow in the ipsilateral ICA increases with increasing stenosis remained unchanged in our groups and is also comparable to figures described for older people in on the contralateral side, especially in case of contralateral occlusion, whereas flow in the contralateral ICA literature. 14, 16, 21, 34 Of note are the TCD-derived decreased BFVs in tends to decrease. This confirms the capability of a stenosed ICA to contribute to the collateral supply via the C-ACA and C-OA in group IV. These reached a negative value, which means that the median flow the circle of Willis, in case of a lower contralateral CPP.
direction is reversed. This corresponds with the increasing number of patients in whom a reversed flow Although we found changes in the relative volume flow contribution in both ICAs, the total ICA flow direction is found in C-ACA or C-OA with increasing contralateral ICA stenosis. The reversed flow direction remained unchanged in all severities of contralateral disease as long as the contralateral ICA was not oc-in the C-ACA confirms the capability of a stenosed ICA to contribute to the collateral supply of the circle cluded. In the case of contralateral ICA occlusion (group IV), our combined TCD and MRA results show of Willis. The reversed flow in the OA and C-OA suggests the recruitment of the physiological external-more severe changes. With no flow through the occluded contralateral ICA, MRA shows a significant internal carotid artery bypass, as was found by others. 6, 8, 19 increase in ipsilateral ICA flow but also in the BA. This shift towards flow in the posterior circulation It is remarkable that, despite the unaltered total Qflow in group IV, the C-MCA Q-flow and BFV are suggests that collateral flow in the circle of Willis through the posterior communication arteries is im-decreased. This may be a type-II error, but it is tempting to hypothesise that there is recruitment of collateral portant in the case of contralateral occlusion.
The significant increase in BA Q-flow in group IV, pathways other than those directly related to the circle of Willis. as found by MRA, could not be demonstrated in BFV using TCD. There was a tendency towards an increased
The number of TCD observations varies considerably from artery to artery because some are easier BA BFV in group IV but the numbers in this group are small relative to the standard deviation of the to find than others. It is not possible to estimate whether this lack of insonation could be due to low measurements.
Despite the anterior to posterior shift, total Q-flow flow or anatomic variation. As the incidence of lack
